Implantable cardioverter-defibrillators using epicardial patch systems effectively cardiovert ventricular tachycardia and defibrillate ventricular fibrillation.1"2 Antitachycardia devices undergoing clinical investigation deliver discharges that can be set from 0.1 to 34 J.3 Excessive voltages cause myocardial damage,4-8 the extent of which correlates with shock strength and shock intervals in experimental animals. 5, 7, 8 Repeated electrical shocks over implantable patches induce pathological changes in humans.9 Electrical shocks affect central and peripheral nerves, altering neural function transiently, permanently, or progressively. [10] [11] [12] We have shown that sympathetic efferent fibers are located within the superficial subepicardium, while efferent vagal nerves en route to the ventricle cross superficially at the atrioventricular groove and are then concentrated in the subendocardium.13""4 Electrical shocks over epicardial patch electrodes could influence the function of these autonomic nerves and alter the response that sympathetic and vagal stimulation produces in the myocardium. However, little is known about the effects of DC shocks on efferent sympathetic or vagal function to the heart. The purpose of this study was to determine if the electrical shocks delivered through an epicardial patch system modulated efferent sympathetic and vagal function to the myocardium.
Methods

Surgical Preparation
Fifty-nine mongrel dogs of either sex weighing 20 to 36 kg were anesthetized with pentobarbital (30 mg/kg IV). Additional amounts of pentobarbital were given as necessary to maintain anesthesia during the study. The dogs were ventilated by means of a cuffed endotracheal tube and volume-cycled respirator (model 607, Harvard Apparatus, South Natick, Mass). The chest was opened through a median sternotomy. A fluid-filled catheter was placed in the left femoral artery and connected to a transducer (Statham P-23 Db, Gould, Cleveland, Ohio) to monitor arterial blood pressure. The left femoral vein was cannulated to infuse normal saline at 100 to 200 mL/h to replace spontaneous fluid losses. Dogs were placed on a heating pad, and the thoracotomy was covered by a plastic sheet. A thermistor (model 400, Yellow Springs Instrument, Yellow Springs, Ohio) was used to monitor epicardial temperature. An operating room pericardium overlying the left anterolateral ventricular epicardium and served as the cathode. A second patch electrode was sutured to the inside of the pericardium and positioned over the right lateral ventricular wall and served as the cathode (Fig 1) . In groups 1 through 10, the patches were positioned inside the pericardial sac. In group 11, the patches were positioned on the outside of the pericardium. When shocks were applied to the heart, patches were fixed firmly over the heart surface to create an even contact between patches and heart.
Electrode Placement for Measurement of Effective Refractory Period
Using a 25-gauge needle, two hook electrodes made from Teflon-coated wires, insulated except for their tips, were placed in the left ventricular midmyocardium basal to the left epicardial patch. Two electrodes were inserted in the left ventricular midmyocardium beneath the patch, and three additional electrodes were inserted in the left ventricular midmyocardium apical to the patch (Fig 1) . The (Fig 2A) . However, high-energy shocks shifted the frequencyresponse curves downward and to the right at sites apical to and beneath the patches but not at sites basal to the patches (Fig 2A) . Frequency-response curves were unchanged in sham dogs (group 2, Fig 2B) .
ERP shortening in response to norepinephrine infusion was 17 (Fig 7) . Ansae subclaviae stimulation-ERP response curves were unchanged at basal test sites in these three groups (not shown). Fig 8 shows the relationship between energy level and attenuation of ERP shortening in response to ansae subclaviae stimulation after a single shock. Basal sites showed no attenuation of ERP shortening at any energy levels. ERP shortening in response to ansae subclaviae stimulation was unchanged after single shocks of 0.5 to 10 J but was attenuated after single shocks of >10 J at patch and apical test sites. Attenuation of ERP shortening after 16-J shock was similar to 35-J shock. Effects of Leading-Edge Voltage and Current on Refractory Period Response to Ansae Subclaviae Stimulation for Medium-Energy Shocks Parameters of shocks in groups 9 and 10 are shown in Table 1 . Delivered energy level was similar among shocks that had low (group 9) and high (group 10) leading edges of current (P>.05). Attenuation of sympathetically induced ERP shortening at patch and apical sites in response to ansae subclaviae stimulation was (Fig 10) . Discussion
Major Findings
The major findings from this study are that single high-energy truncated monophasic exponential shocks delivered directly to the epicardial surface attenuate ERP shortening in response to ansae subclaviae stimulation at sites beneath and apical to the patch electrodes but not at sites basal to the patch electrodes; low-and high-energy shocks do not shift norepinephrine dose-ERP response curves at basal, patch, and apical test sites; low-and high-energy shocks do not attenuate the ERP prolongation produced by efferent vagal stimulation; a single high-energy shock attenuates ERP shortening in response to ansae subclaviae stimulation at patch and apical test sites for as long as 3 hours; threshold energy level that attenuated ERP shortening induced by ansae subclaviae stimulation is 10 to 16 J; both high and low leading-edge current shocks of 16 J attenuate the ERP shortening in response to ansae subclaviae stimulation; and pericardial placement of patch electrodes seemed to protect against shock-induced attenuation of ERP shortening in response to ansae subclaviae stimulation.
Effects of DC Shocks on the Response to Efferent Sympathetic and Vagal Stimulation
Effects of countershock on the myocardium have been evaluated, using histology,4-6'8 ECG mapping,5 enzymatic analysis,17 and scintigraphic methods.18 '19 In the present study, we demonstrated for the first time that defibrillating shocks delivered over implantable patches impair the refractory period response to efferent sympathetic stimulation but not efferent vagal stimulation in dogs. Sympathetic responsiveness was attenuated at patch and apical test sites but not at basal test sites. Norepinephrine dose-ERP response curves did not shift after high-energy shocks at any sites, indicating that the responsiveness of the myocardium was normal and unchanged.
We have shown previously that efferent sympathetic nerves are located in the superficial subepicardium. 13 It is likely that electrical shocks impaired efferent sympathetic nerves at the position of patch electrodes because attenuation of sympathetic response occurred only at sites beneath and apical to the patch electrodes. The ERP response was not attenuated at sites basal to the patch electrodes. In contrast, high-energy shocks did not alter ERP prolongation produced by vagal stimulation because vagal fibers are concentrated in the subendocardium13.14 and thus removed from contact with the patch. Morphological studies indicate that damage by transthoracic or epicardial shocks tends to be concentrated in the epicardial and subepicardial regions at the site of electrode application.6'20 If the upper edge of the patch had reached the atrioventricular groove before vagal fibers dive to the endocardium,14 it is possible that the shock might have affected vagal nerves as well.
Patients with implantable cardioverter-defibrillators show shock-related pathological changes in myocytes subjacent to the patch electrode.9 Morphological alterations after shocks are different between subepicardium and subendocardium.6,20 Electrical countershocks cause contraction abnormalities in subepicardial zones when shocks are given directly to the epicardium but not in the subendocardial zone. 21 In a scintigraphic study, the major component of technetium-99m uptake occurs in the epicardial layers when shocks <50 J are applied directly to the heart. A single shock 250 J induces technetium-99m uptake in the subendocardial layers.22 . among test sites in each dog.
Thus, single shocks <50 J mainly damage the subepicardial myocardial tissue, which is consistent with our observation that a single shock s35 J affected the epicardial and/or subepicardial region and attenuated the sympathetic response. Subendocardial layers were not affected by this energy level, as judged by the preserved vagal response. Higher-energy shocks applied to the heart are probably necessary to produce transmural damage and attenuate the vagal response.
Mechanisms of Shock-Induced Attenuation of Efferent Sympathetic Response
Although transthoracic defibrillator shocks induce the local release of acetylcholine and catecholamines,23 the DC shocks have no sustained effects on such neurotransmitter release.23 For DC shocks to exert sustained effects on sympathetic responsiveness, as in the present study, several mechanisms, alone or in combination, can be postulated. Electric shocks can damage the subepicardial myocardium and cause diffusion of metabolites from the injured tissue to affect the autonomic function16; electric shocks can damage the blood vessels supplying the nerve axons; or electric shocks can directly injure the sympathetic nerve axons.
Although we did not perform a histological examination of the heart, multiple shocks from 1 to 24 J delivered directly to the heart using implantable patches show only minimal pathological changes in dogs.24 Single defibrillation shocks with a cardioverter/defibrillator showed no pathological cardiac changes, and multiple shocks exhibited only superficial myocardial injury under the patch electrodes in humans. 9 Electrical shocks impair myocardial anaerobic metabolism25 and increase myocardial potassium efflux without reduction of myocardial blood flow.26,27 However, such metabolic changes are short, lasting only several minutes.2",29 It is not likely that accumulation of these metabolites affected sympathetic response for longer time periods. Further, it is unlikely that metabolites diffusing from such a small area of injured myocardium caused sympathetic attenuation at much larger areas located apically and beneath the patch electrodes.
Myocardial blood flow or coronary blood flow is unchanged after transthoracic (200 to 460 J) or epicar- Frequency 
Sustained Sympathetic Attenuation After High-Energy Shocks
Restoration of nerve action potential after DC shocks depends on the shock voltage and capacity of the condenser.11 Shocks <200 V produce transient disturbances of nerve action potential, while discharges of 1000 V cause total block of nerve conduction followed by action potential abnormalities lasting >60 minutes. High-voltage shocks from small-capacity condensers create greater disturbances than low-voltage shocks from larger capacitors. The restoration kinetics following the high-voltage pulses are slower than for the low-voltage pulses of the same energy.
In the present study, restoration of sympathetic responsiveness after high-energy shocks was observed at some test sites exhibiting marked sympathetic attenuation but not at others. Some patch and apical test sites showed no recovery during a 3-hour period. These results might reflect excessively high energy delivery to some sympathetic nerves because of local "hot spots" around the edges of the patches that can occur following the shock. Conceivably, the lack of recovery could also reflect progressive neural damage following the initial shock.
The current density at the edges and corners of the electrodes is more dense than that within the body of the electrodes.31 This so-called edge effect creates zones of high current density limited to the edges of the patches31,32 and could injure sympathetic nerves that lie in the superficial subepicardium (depth .0.5 mm) when the patch electrodes are applied directly to the epicardium. Because local current density beneath Shock waveforms affect both defibrillation energy and myocardial damage.2'45-47 Forty-joule damped sine wave shocks attenuated efferent sympathetic response, but 1-J shocks did not (authors' unpublished data). Effects of other waveforms on sympathetic neural function need to be tested in the future.
Study Implications
Although arrhythmia induction was not tested in the present study, regional sympathetic attenuation after DC shock creates uneven efferent sympathetic actions on the heart that could produce ventricular tachyarrhythmias. 48 One of the causes of postoperative inhospital death after cardioverter-defibrillator implant is incessant ventricular tachycardia/fibrillation. 49 The mechanism of this exacerbation of ventricular arrhythmia, so-called "VT storm," is unknown but could be related to shock-induced heterogeneous sympathetic attenuation. Furthermore, hemodynamic depression, another known complication following cardioverterdefibrillator implantation, could be related to sympa 
